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Abstract 
 
It is not uncommon to encounter gas hydrate problems in the oil industry. Gas clathrate hydrates could form at low subsea 
temperatures and high pressure and serve as nuisance by blocking flowlines and reducing production capacity. It may form in 
subsea production facilities such as wellheads, jumper sections and risers during shut-in, start-up and steady-state conditions. 
Preventive methods employed include heating and chemical inhibition but these turn out to be progressively uneconomical, 
thus application of time-dependent kinetics is essential to manage production operations. 
This paper seeks to remediate this challenge by utilizing thermal transient analysis and nucleation kinetics to estimate the time 
of onset of gas hydrates in production systems. The induction time was estimated using empirical models and compared to 
flow loop tests results. The laws of heat transfer for an unsteady state system were applied to develop a temperature decline 
model specific to a subsea installation. The hydrate formation equilibrium condition was predicted from existing correlations 
that fit experimental results. A sensitivity analysis was done to study the effects of key parameters affecting the prediction 
model for the formation of gas hydrate in the field studied. 
This technique was applied to a subsea system in an offshore field. The induction time estimate corroborated flow loop test 
results < 10 minutes. However, nucleation phase is random and probabilistic distribution was used to define confidence levels. 
The thermal transient model was modified to fit the system using relative error analysis, and applied to the same system at 
different shut-in periods and consistency was observed at an average relative error of 0.001%. The results showed that hydrate 
formation could begin within 12 hours for an uninhibited system. The key parameters affecting the kinetics of the onset of gas 
hydrate formation during shut-in are but not limited to operating pressure, operating temperature, initial temperature, cooling 
rate, as well as induction time. 
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Abstract 
It is not uncommon to encounter gas hydrate problems in the oil industry. Gas clathrate hydrates could form at low subsea 
temperatures and high pressure and serve as nuisance by blocking flowlines and reducing production capacity. It may form in 
subsea production facilities such as wellheads, jumper sections and risers during shut-in, start-up and steady-state conditions. 
Preventive methods employed include heating and chemical inhibition but these turn out to be progressively uneconomical, 
thus application of time-dependent kinetics is essential to manage production operations. 
This paper seeks to remediate this challenge by using thermal transient analysis and nucleation kinetics to estimate the time 
of onset of gas hydrates in production systems. The induction time was estimated using empirical models and compared to 
flow loop tests results. The laws of heat transfer for an unsteady state system were applied to develop a temperature decline 
model specific to a subsea installation. The hydrate formation equilibrium condition was predicted from existing correlations 
that fit experimental results. A sensitivity analysis was done to study the effects of key parameters affecting the prediction 
model for the formation of gas hydrate in the field studied. 
This technique was applied to a subsea system in an offshore field. The induction time estimate corroborated flow loop test 
results. However, the nucleation phase is random and probabilistic distribution was used to define confidence levels – 
induction time ~50 min (90% probability). The thermal transient model was modified by performing a history match at a 
prolonged shut-in period by linearization and fitting techniques and the resulting model was used to predict the period to 
hydrate equilibrium conditions at other shut-in periods of the same system. The results showed that hydrate formation could 
begin within 12 hours for an uninhibited system. The key parameters affecting the kinetics of the onset of gas hydrate 
formation during shut-in are system pressure, system temperature, initial temperature, cooling rate, as well as induction time. 
Hydrate formation can thus be avoided by reducing the operating pressure to less than its hydrate dissociation pressure (<13 
bara) or prolonged by heating the flowline to increase the initial temperature before shut-in. 
 
Introduction  
Gas (clathrate) hydrates are dirty-looking crystalline structures formed when small non-polar gas molecules are enclathrated 
within water molecules. The process is concomitant with the presence of both host (water) and guest molecules (gas) 
(Khamehchi et al, 2013). Hydrate formation takes place at low temperatures (above or below ice point, 0 
o
C) and high 
pressures when light hydrocarbons and water are present and can occur anywhere and anytime (Sloan, 2000). In the oil 
industry, the conditions for its formation are mostly reached during operations as high pressure is required to allow the flow of 
fluids from the subsurface to the surface facilities while low temperature condition are usually encountered in offshore and 
permafrost locations. Natural gas hydrates have also been discovered in permafrost and sea bed (Makogon, 1965) and 
postulated to exist in outer space (Iro et al., 2003). The estimated volume of natural methane hydrate deposits is about 120 
quintillion cubic meters at standard temperature and pressure (Klauda and Sandler, 2005) and the production from these in situ 
gas hydrates have been comprehensively analysed (Moridis et. al., 2009). Hydrocarbons are also concentrated in these gas 
hydrates and can be as high as 180 m
3
 gas to 1 m
3
 of hydrate (Sloan, 1991). The hydration reaction of a gas, G and hydration 
number, nH has been described with the following equation at suitable conditions, (Moridis et. al, 2009) where complete 
hydration occurs when nH has an average value of 6 (Sloan and Koh, 2007).  
 
               ………………………………….………………………………..……………………….……..… (1) 
The common hydrocarbon molecules, G that form hydrates are methane, ethane, propane, butane (C1-C4) as well as other 
inorganic gas molecules present in natural gas such as nitrogen (N2), carbon dioxide (CO2) and hydrogen sulphide (H2S). 
There are different types of gas hydrate structures that have been identified. The most common occurrence of gas hydrates 
crystal structures are structure I (sI, cubic), structure II (sII, cubic), and structure H  (sH, hexagonal) with sII being the most 
common for natural gases (Sloan , 1998). These structures have different chemical and physical properties and form from 
hydrogen-bonded water molecules.  
The Structure I (sI) is formed from mixtures of water and hydrocarbons lower than propane and other inorganic gases. This 
contains 46 water molecules and consists of two small pentagonal dodecahedron (5
12
) cavities and six large tetrakaidecahedron 
(5
12
6
2
) cavities. The numbers – 5, 6 – represent the number of molecules bonded in same plane and the power 12 or otherwise 
Imperial College 
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represents the number of faces. The size of sI is in the range of 4 – 5.5 Å (1 Angstroms=0.1nm) and the gas molecules are 
small enough to be encaged in water lattice. 
 
 
Figure 1: Showing different structures of hydrates 
Source: HIS GolobalSpec (“What are Natural Gas Clathrate Hydrates?” by Trevor Letcher) 
 
Structure II (sII) forms from molecules larger than ethane but less than pentane and 136 water molecules consisting of 16 
small (5
12
) cavities and 8 large hexakaidecahedron (5
12
6
4
) cavities having size ranges between 6–7Å. The Stucture H (sH) 
contains 34 water molecules consisting of 3 smaller (5
12
) cavities, 2 small (4
3
5
6
6
3
) cavities and 1 large (5
12
6
8
) cavities. The 
size of this type of hydrate allows larger molecules (8–9Å) such as n-butane. It is however uncommon to the oil industry but 
has been suggested to exist in the Gulf of Mexico. The main structural types of hydrates are illustrated in Figure 1. Other 
structural types of hydrates have also been identified and described (Udachin et al, 1997, 2001). Due to the relatively small 
size, gases of lower molecular weight can form hydrates at appropriate temperatures and pressures. Gas hydrate formers 
indicated by (Udachin et al, 2004) include organic hydrocarbons such as aliphatic, olephenic, aromatic, alicyclic and 
acetylenic compounds; monatomics such as Ar, Kr and Xe; diatomics such as N2, O2, CO, Br2, Cl2; inorganics such as H2S, 
CO2, PH3; and other substituted organics such as halides, sulphides, mercaptans, ethers, alcohols and acids. However, some 
other substances such as H2, He and Ne have been suggested to form hydrate structures at very high pressures (Dyadin et. al., 
2004). The kinetic models for the three main hydrate structures are apparently apparatus-dependent and their time-dependent 
features are not definite (Sloan and Koh, 2007). 
Furthermore, man has different perspectives on the impact of gas hydrates (Sloan, 1991) and this depends on the nature of 
the hydrate formation and the location of the hydrates. Environmentalists see it as a threat while others see it as an opportunity 
for gas storage or future energy resource. However, it serves a nuisance in the oil industry because it impedes production of 
target fluids. This large quantity of hydrated gas, chiefly methane, exists in the permafrost and subsea sediments in polar and 
tropical regions (Makogon et. al., 1972) and this could easily be liberated to the atmosphere if generated by earth quakes or 
other geological forces. Yet, methane is a stable greenhouse gas and thus poses as an environmental threat as a huge volume 
has the capacity to change the earth’s climate and have an increased impact on global warming. The impact on greenhouse 
effect by in situ gas hydrate has however has been determined to be probably inconsequential when large amount of methane 
is released (Kvenvolden, 1988). The large volume of in situ methane-gas hydrate is however deliberated as the future energy 
source notwithstanding its threat to the environment. The volume of methane gas contained in gas hydrate state is estimated to 
be twice that of known fossil fuel resources (Prensky, 1995) and ocean hydrates surpasses that in the permafrost by two orders 
of magnitude regarding the amount of energy estimates. It can also serve as a means to store and transport natural gas in 
hydrated form since gas hydrates can hold 150-180 volumes of gas/volume of hydrate (Sun et. al, 2003). Other applications 
include desalination (Barduhn, 1967) because of the exclusion of salt ions from water lattice and separation (Glew, 1966) 
because hydrates can isolate smaller guest molecules. 
Production from gas hydrate deposits can be traced back to 1963 when the Markhinskaya well was drilled in Siberia. Gas 
hydrate formation conditions were recognized from rock sections at 0
o
C at 1450m. This was first doubted until later proved by 
Makogon in 1969. From experiments on the stable existence of gas hydrates in rock layers. Gas has also been exploited from 
gas hydrates in the Messoyakha field in Siberia upon dissociation of the gas hydrate cap at effective rates.  Since then 
commercial gas exploitation from ocean hydrates has been on the frontier of research and this was recently achieved in March 
2013 in the Nankai Trough gas field in Japan 50km away from the main island. Engineers used a depressurization method that 
turns methane hydrate into methane gas.  
 
Stages of Hydrate Formation  
Gas hydrates are formed at high pressures and low temperature in the presence of free water. The formation process occurs in 
the following way: 
 
Water Entrainment  Hydrate Nucleation Hydrate Growth Agglomeration Plugging 
 
This is illustrated in Figure 2 and Figure 4. The driving force has been analysed by (Sloan and Koh, 2007) and the initial 
process that lead to hydrate formation are shown in the modified diagram (Turner et al. 2005) including water entrainment, 
cooling and pressure elevation. Hydrate formation processes commences when gas (guest) molecules are the trapped into a 
host under a suitable low temperature and high pressure conditions. The process has two major stages nucleation (nanoscopic) 
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and growth (macroscopic) and is more physical than chemical in nature as no strong chemical bonds are formed between the 
guest and the host enabling the guest molecule is free to rotate within the void spaces of the host. Nucleation occurs due to the 
metastability of a system (Figure 3) and subsequent sub-cooling to the stable region causes growth to commence. The 
nucleation and growth processes are further discussed in the main body of this paper. 
 
  
                       Figure 2: Stages of hydrate formation   Figure 3: P-T curve showing hydrate stability zones  
 
In the oil industry, hydrate formation may occur during drilling operations such as collapsed tubing (Makogon, 1988) or in 
water-based mud (Barker and Gomez, 1989), production of target fluids or pipeline foundation damage in in situ hydrated 
mounds (Franco, 1989 and Campbell et. al., 1990), back-flush operations in water injection, oil and gas processing as well as 
in chemical inhibition umbilicals (company internal report). Offshore production operations could encounter the hydrate stable 
region as illustrated in Figure 3 (red line from subsurface to topside downstream) when temperature and pressure changes and 
prior analysis is important to avoid hydrate formation. This nuisance is managed by prevention and mitigation techniques 
including thermodynamic inhibition, heating, depressurization and insulation or design. Thermodynamic inhibitors are used to 
change the hydrate equilibrium condition by lowering the hydrate formation temperature using methanol or salt/glycol. 
Production lines can be heated or “hot-oiled” to elevate the system temperature or depressurized to reduce the system pressure 
while insulators are used to reduce the amount of heat loss to the environment. However, there are several problems associated 
with these techniques. The effect of methanol injection is limited by the water cut of produced fluids and some volumes are 
lost in the hydrocarbon gas and liquid phases. Heating is also limited to some areas in a subsea system such as flowlines 
leaving out the jumper section. Depressurization of subsea flowlines may interrupt flow for days and insulation design is 
insufficient to prevent hydrate formation during prolonged shut-in periods.  
These traditional thermodynamic methods (heating, thermodynamic inhibitor injection, line burial) for preventing hydrate 
formation in pipelines and related industrial equipment are becoming increasingly uneconomical for deep water operations. 
Therefore, the industrial flow assurance paradigm is shifting from avoidance, enabled by thermodynamic inhibition, to risk 
management, enabled by application of time-dependent kinetics. The economic challenges associated with hydrate formation 
mitigation have also been analysed (Sloan, 1991). 
There are two main objectives of this project. The first is to develop a kinetic model for early detection of gas hydrate in 
natural gas pipelines. The other is to investigate the effect of key parameters such as salinity or flow rates on the 
hydrodynamics of hydrate formation under transient conditions. The aim of this project is to predict the period of onset of 
hydrates in offshore operations which was achieved by developing a conceptual semi-empirical model that helps to upscale 
experimental models to field cases from merger with phenomenological models. The approach used is discussed in detail in 
the next section but involves the study of the nucleation process of hydrate formation and thermal transient analysis to 
determine the period it would take for hydrates to first appear during field operations. 
 
Figure 4: Conceptual model of Hydrate Formation in a multiphase flow system (Turner D. J., 2005) with permission from Elsevier  
 
The history of gas hydrate formations dates back more than two centuries. This has been described by Sloan and Koh 
(2007) and a milestone of some of the notable research is indicated in in Table 4 in Appendix B. This project however focuses 
on the kinetics of hydrate formation and hydrate kinetics research did not begin until about thirty years ago in the laboratory of 
Bishnoi. Vysniauskas and Bishnoi (1983) were the first to observe by experimental methods that formation kinetics depend on 
area interface (As), pressure (P), temperature (T) and sub-cooling (ΔT). They also formulated a semi-empirical kinetic model 
to determine reaction rates (r) of methane and water at the interface. This however has been further developed to analyze the 
growth of hydrates.  
Processes 
Sub-cooling 
Water 
Entrainment 
Nanoscopic 
Nucleation 
Macroscopic 
Growth 
Agglomeration & 
Plugging 
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The kinetics of nucleation was first studied by Natarajan et al. (1994) who developed a conceptual model for estimating 
induction time. This and subsequent research work on nucleation was used for this study. Hydrate equilibrium conditions has 
also been predicted using by several authors including Ahmed and co-workers (1998) who used Artificial Neural Network 
technique but for simplicity of this project however, the hydrate formation conditions are predicted by comparing field data 
from initial experimental results to empirical models and the model with the best match was used for further analysis. 
In the field however, hydrates only appear after sufficient cooling of the system. From thermodynamic point of view, the 
works of Newton presented by Winterton (1999) can be applied. The general laws of heat transfer were thus used to determine 
the period of cooling. There are numerous types of hydrate former and these have been identified by Ripmeester et al. (2004). 
They defined all the types of hydrate structure unit cell contents and cage types and indicated the classes of hydrate formers 
including monatomics, diatomics, inorganic compounds, organic hydrocarbons. This project analyses the hydrate formation of 
only those substances present in the natural gas and analyzed from PVT. 
The works of academics from the Colorado school of Mines have developed a kinetic model to predict where and when 
hydrates can form in a flow line. This has been illustrated by Boxall et al. (2008) and has been subsequently improved by the 
same team as illustrated by Zerpa et al. (2012). These models have been incorporated with transient multiphase simulators and 
hydrates formation prediction can be thus analyzed using commercial tools such as PVTSim, PIPESIM, PVTP and OLGA. 
These could help estimate the equilibrium conditions and the time-dependent kinetics AFTER the onset of hydrates. This 
project however analyzes the prediction of hydrates BEFORE the onset of hydrates i.e. at the end of nucleation (metastable 
region) when the hydrate clusters just reach the critical size. 
  
Field case: LINCAT  
The LINCAT field is a deep water development in offshore Nigeria in Block OML 001, in approximately 1000 m in water 
depth and operates the field in a joint venture with 4 companies. LINCAT is being developed as a subsea network with 1.0-10 
km tiebacks to a permanently moored Floating Production, Storage, and Offloading vessel (FPSO). Peak production rates are 
at 200,000 barrels of oil per day, 150 MMscf of gas per day (including recycled riser gas lift), and 100,000 barrels of water per 
day. Reservoir pressures are maintained via subsea water flood wells with 300,000 barrels water per day injection capacity. 
The Figure 5 shows the geographical map and the subsea layout. 
LINCAT consists of four reservoirs: R1, R2, R3, and R4 with roughly half of the total reserves in the R2 reservoir. 
Production wells contain a subsea tree – enabling surface-controlled isolation valves, production choke, and chemical injection 
valves – connected via short well jumpers to 5 subsea production manifolds. The subsea wells are produced through four pairs 
of piggable dual pipe-in-pipe flowlines, with externally insulated steel catenary risers. Each flowline is connected to a 
dedicated gas-lift riser delivering up to 25 MMscf per day.  
There are several aspects of the LINCAT system that make the hydrate control strategy particularly challenging. LINCAT 
is expecting high water cut (up to 90%) with a low salinity (3 wt%) and relatively cool reservoir temperatures. Therefore 
conventional hydrate strategies are not applicable for LINCAT and the use of novel hydrate inhibition methods had to be 
investigated.  
 
      
Figure 5: Geographical map and subsea layout of LINCAT field    Figure 6: Conceptual model for prediction of onset of hydrate formation  
 
Research Methodology 
Before hydrates can form in a production installation, the following stages described in the introductory section may occur. 
The prediction of gas hydrates in offshore operations is however not straightforward. The following steps were taken to 
proceed with this project: 
1. Selected Operation: The first step is to select the particular operation to analyze. This project was directed towards 
predicting hydrate formation in production operations.  
2. Pressure-Volume-Temperature (PVT) Analysis on reservoir fluids to extract and validate gas composition.  Relevant 
PVT data was extracted from laboratory reports. 
3. Study of initial work on hydrate formation from reports before production commenced from which estimates of 
hydrate equilibrium condition was performed. 
Field deep offshore 
Nigeria, 1000m water 
depth 
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4. Identification of appropriate model to predict hydrate formation equilibrium conditions. The fluid with highest risk of 
hydrate formation was selected. 
5. Identified region of potential risk: This was achieved by analyzing the thermal gradient profile in the Gulf of Guinea 
offshore Niger Delta as well as the hydrate formation equilibrium conditions. Geothermal gradient was estimated to 
be about 24 
o
C/km by linear interpolations between the reservoir and the subsea temperature; the hydrothermal 
gradient was estimated by the same method while considering the reverse profile and the surface thermal layer. 
6. Analysis of the potential risks of the subsea installations during operations and selection of a specific system with 
high risk of hydrate formation. 
7. Data acquisition for the system selected from database for further analysis using operating pressure and temperature. 
8. Development of kinetic prediction model. This was devised by dividing the prediction model into three phases thus: 
a. Thermodynamic Modeling 
b. Hydrate Kinetic Modeling 
c. Thermal Transient Modeling 
9. Sensitivity Analysis on key parameters affecting these models in predicting the onset of hydrate formation. 
10. Discussion on results and imputing optimal operating conditions to deter hydrate formation. 
The model developed was based on a combination of other analytical models. The first modeling method involved an 
initial step 4 for the determination of equilibrium conditions at which hydrate formation can begin. The second part involved 
the physical stages of hydrate formation to estimate the induction time before the onset of hydrates. The thermal transient 
modeling stage was done so as to predict the change of pressure and temperature real time and determine the period before the 
hydrate equilibrium conditions are reached. This stage makes prediction of hydrate formation in a field case more practical. 
The combination of all models was thus used to predict the onset of hydrate formation. The Figure 6 shows a conceptual 
model developed to summarize the approach used. 
The conceptual model was then used to predict the onset of hydrate formation by estimating the period to for temperature 
to decline to the hydrate formation temperature (HFT) and the induction time from which results optimum operating 
conditions can be established. A case study was done on one of the subsea installations in an offshore field in the Niger Delta.  
 
Model Assumptions. The following summarizes the assumptions made in this project: 
1. Hydrate crystallites formed in the field are of type sI and sII.  
2. Nucleation process throughout the system is random. 
3. The rate of change of temperature in model assumes temperature is constant at any time t. 
4. Maximum Operating Pressure is 103.4 bara (1500psia) 
5. Subsea Ambient Temperature is 4.4 oC (40 oF) 
6. Salinity approximately 30,000 ppm equivalent to 3% wgt Nacl 
7. No chemical inhibition is used in system 
 
Thermodynamic Model 
The thermodynamic conditions for hydrate formation mainly depend on the fluid composition and operating pressure. Data 
was retrieved from the reports of initial field studies on hydrate formation (internal company report). The Pressure-
Temperature (P-T) plots in Figure 7 show the field data for four reservoirs fluids mixed with fresh water and low salinity 
brine. A sensitivity analysis (shown in subsequent sections) was also carried out to see the effect of salinity on the hydrate 
equilibrium condition. A 1 
o
C difference was however noticed for this range the range of salinity (0 ppm fresh water to 30,000 
ppm low salinity water). 
 
 
Figure 7: Hydrate equilibrium curves (fresh water, left) and (low salinity water, right)  
 
From the field data analyzed, it was observed that the R3 reservoir fluids (Figure 7) had the highest hydrate formation risk. 
This was traced back to the gas composition; the R3 reservoir had a relatively higher amount of intermediates (C3-C6) as 
shown in Table 1. This reservoir fluid was then selected and used as a base case for further studies. It is better to assume this as 
a worse case for the whole production system. The reservoir fluid with the lowest risk to hydrate formation was observed to be 
the R2 fluid (Figure 7) and this fluid has the lowest relative amount of intermediates.  The temperature and pressure data for 
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the reservoir fluid was analyzed but a mere regression does not accurately account for the effect of the gas composition. This 
was resolved by identifying an appropriate model that could predict the hydrate formation temperature. Four different models 
from literature identified by Zahedi et. al. (2009) and Khamehchi et. al. (2013) were analyzed and used to match the raw data. 
These include: Motiee (1991), Towler and Mokhatab (2009), Kidnay-Parish (2006), Hammerschmidt (1934), and Berge 
(1986). The Figure 8 shows the different models mentioned above correlated with the field data for the R3 fluid. The 
correlation was done at a wide pressure range (10 – 320 bar) so as to observe a good match. At lower pressure, most of the 
models give a close match but at higher pressure representative of field operations, they deviate. 
 
Table 1: Gas composition of reservoir fluids 
Component Mole Weight 
Reservoir Mole % 
R1 R2 R3 R4 
Carbon IV Oxide CO2 44.01 0.17 0.11 0.00 0.43 
Nitrogen N2 28.01 0.18 0.29 0.68 0.19 
Hydrogen Sulphide H2S 34.08 0.00 0.00 0.00 0.00 
Methane C1 16.04 91.83 91.93 86.94 88.82 
Ethane C2 30.07 4.54 4.07 5.62 5.08 
Propane C3 44.10 1.47 2.04 3.72 2.87 
i-Butane i-C4 58.12 0.46 0.34 0.56 0.55 
n-Butane n-C4 58.12 0.60 0.58 1.22 1.05 
i-pentane i-C5 72.15 0.23 0.19 0.36 0.28 
n-pentane n-C5 72.15 0.17 0.16 0.44 0.26 
n-hexane C6 86.18 0.35* 0.12 0.21 0.47* 
n-heptane C7+ 100.20 - 0.17 0.25 - 
    Total 100.00 100.00 100.00 100.00 
Gas Specific Gravity  0.624 0.624 0.674 0.656 
*: C6+ 
 
All the models except the Berge correlation had a good match to the field data at low pressures (<40 bar). However, at high 
pressures, it was observed that only the Motiee model gave a good match. The Motiee correlation thus proved to be the closest 
to field data and was selected for further analysis to predict the hydrate formation pressure during production of the R3 fluid. 
The selected model, Motiee (1991) also presented the best prediction for the other reservoir fluids. The hydrate formation 
temperature is related to the system pressure, P and the gas specific gravity   . This model expression is: 
 
                             (       )          (   (       ))
 
                          
              (       )……………………………………………………………….…………………………...… (2) 
 
The Average Absolute Deviation, (    (
 
 
)∑  |             |
 
 ) for this model (equation 2) was estimated to be 1.03 and 
was used for further analysis. However, this does not apply to all reservoir fluids; proper validation should be carried out to 
select the appropriate model. 
To proceed with subsequent analysis, a thermal gradient profile was designed to illustrate the regions where hydrates could 
form in the LINCAT field (Figure 9). The region of hydrate formation is indicated in the intersection of both curves. 
 
      
Figure 8: Evaluation of hydrate equilibrium model for R3 fluid   Figure 9: Temperature profile of offshore field 
by comparing field data with empirical models              showing the region of risk of  hydrate formation  
 
The geothermal gradient was estimated using the formation temperature at the subsea (1000m) and reservoir depths 
(3300m) while the hydrothermal gradient was estimated using the temperature of the subsea bed and the sea surface taking 
note of the sea surface temperature. The hydrate formation boundary was also formulated using the hydrate formation 
temperature model identified above. From the results it was observed that the hydrate formation region lies within + 700 m 
from the sea bed. This means that subsea facilities that serve as conduit for production of the reservoir fluid are exposed to 
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hydrate formation risk at ambient temperatures which include all facilities installed within this region: wellhead plus some 
sublevel of well, jumper section, subsea manifold, flowlines, riser amongst others. The next section will illustrate the analysis 
of hydrate formation in the metastable hydrate region. 
 
Hydrate Kinetic Model 
The kinetics of hydrate formation begins with nucleation and subsequently growth, agglomeration and dissociation. This 
project focuses on the onset of hydrate formation. This section thus illustrates the process of estimating the induction time - 
period it takes from the hydrate equilibrium condition. The Figure 10 summarizes the process. 
 
   
 
Figure 10: Kinetics of hydrate formation showing how         Figure 11: Typical model for hydrate nucleation & growth  
      temperature, pressure and gas consumption changes in time                  (Natarajan et al, 1994) 
 
After sufficient cooling of a system - temperature decline to hydrate formation conditions (Figure 10), subsequent 
subcooling causes the nucleation of hydrate crystals till the onset point where there is a slight increase in temperature. 
Subsequently, hydrate growth occurs causing a rise in gas consumed (green line). In flow loop tests, an increase in system 
pressure is observed (figure 10).  This is further explained in the subsequent subsections. 
Nucleation. This is a complex and nanoscopic process that is not easily detected from experiments. Many approaches have 
been used but due to this complexity, a painstaking examination from experiment is required to measure the induction time – 
from start of cooling till a critical size of hydrate is formed at the point of heat release (seen from a slight increase in 
temperature). However, in the absence of experiments for this study, the preferred method was to determine the nucleation 
time from correlations derived from such experiments which serve as the link between the theory and experimental research. 
Nucleation process is nevertheless random and unpredictable especially in isothermal conditions. The process may be 
apparatus-dependent, and the induction time depends on surface area, rate of heat and mass transfer as well as turbulence. It 
has also been observed that the induction time is dependent on gas composition, presence of impurities and history of water 
(Sloan and Koh, 2007).  
Attempts have been made to predict where and when hydrate formation occurs (Boxall et al, 2008). The prediction of 
induction time depends on the history of the hydrate formation in the system- memory effect. Induction time is reduced when 
there is a hydrate memory for sII (Sarshar et al, 2008 and Deng-lin et al, 2008) and sH hydrates (Le et al, 2005) but there is no 
observed difference for sI hydrates (Buchanan et al, 2005). The presence of impurities has been observed to affect the hydrate 
formation in the system (Jensen et al, 2011).  
Nucleation may be homogenous or heterogeneous (Volmer and Weber, 1926). Homogenous nucleation occurs when a 
spherical cluster is formed but this is not common. In reality, heterogeneous nucleation occurs either on a solid substrate 
(forming a cap-shaped cluster) or at the interface between the solution and gas interface (lens-shaped cluster). Nucleation may 
furthermore be instantaneous (Kashchiev and Firoozabadi, 2003) when all the hydrate clusters are nucleated at time zero or 
progressive when the hydrate cluster particles are nucleated continuously.  
Nucleation kinetics have been analyzed and formulated from experiments by (Natarajan et al, 1994 and Kashchiev and 
Firoozabadi, 2003). For this project the kinetics of hydrate formation was done by estimating the induction time. A conceptual 
model used to estimate the nucleation/ induction period is shown in Figure 11.  
The nucleation process begins after sufficient cooling of the system to the hydrate equilibrium condition at time teq.  The 
induction time as described by (Natarajan et al, 1994) is derived from the correlations. This was used to estimate the induction 
time but modified with Kashchiev and Firoozabadi, 2003 to estimate the supersaturation and then applied to the field of study. 
Assuming the time taken for the hydrate to grow from its critical size to its visible size is infinitesimal (Natarajan et al, 1994), 
then the induction time     is defined as the period from the hydrate equilibrium condition,     to the time when the crystals 
are first observed experimentally,     (indicated by a sudden increase in turbidity). 
            ………………………………………………………………………………………………...………….… (3) 
But the basic model for estimating rate of nucleation can was described by the power law 
     (   )   (
 
    
)
 
………………………………………………………………….…………………….……….. (4) 
Where                                                                                
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The induction time can thus be estimated by modifying the equation 4 thus 
        (   )
          ……………………………………………………………….………………..………... (5) 
Where   (     )                          (   )              
The supersaturation, S was estimated from the following (Kashchiev and Firoozabadi, 2003): 
  (
  
   
)     (
   (    )
  
)………………………………….………….……………………………………….…….….. (6) 
  
   
 
 (   ) 
 (    )   
…………………………………………………………………….……….………..………………..… (7) 
        (       )                                                                                     . 
The model was applied to estimate the induction time using the offshore field data for the selected reservoir fluid with the 
highest risk of hydrate formation by assuming the conditions in the lab and field were similar. The ratio fg/feq mostly dominates 
the equation 6 and gives the supersaturation defined as the ratio of the fugacity of the gas in liquid, fg at operating conditions 
and the fugacity at three phase equilibrium condition, feq, at experimental temperature. The difference, “fg/feq – 1” defines the 
driving force for nucleation. The estimation is illustrated in Appendix D.  
The kinetic parameter, K, is however system specific and uncertain.  For this project, the operations in the field are 
assumed to be supersaturation-dependent and similar to experimental correlations from literature. It is also assumed to be 
inversely related to the molecular weight of the components in the gas mixture. The equation 5 was then used to estimate the 
induction time and the Figure 12 a & b shows the estimates of the induction time at both isothermal and isobaric conditions. 
The isothermal state only occurs when the temperature drops to the ambient subsea temperature (4.4 
o
C). A sensitivity analysis 
was done for the isobaric system to see the effect of temperature on induction time at different pressure regimes.  
 
 
Figure 12: Deterministic methods of estimating period for nucleation (induction time) for (a) isothermal system and (b) isobaric system    
 
The results showed that for an isothermal system, induction time increases with increase in pressure. In an isobaric system, 
the induction time reduces with temperature (Figure 12b). The Figure 12b also illustrates a sensitivity analysis at different 
pressure and it was observed that the range of induction time reduces as the system pressure reduces. This can be explained 
with the Figure 3 thus at higher pressure, it seems it would take a longer time for the temperature to cool through the 
metastable zone to the stable region but this is yet a random process. The results (internal company report) from flow loop test 
(Appendix C) at 75 bara indicated that the onset of hydrates could begin in about 10 min which is within the range of the 
induction time at 75 bara in the Figure 12b.  
Probablistic Model. Nucleation process is stochastic because of the random number of nuclei forming in a supersaturated 
medium, thus a nucleation probability distribution from (Toschev et. al., 1972) was used to analyze the nucleation process. 
This is based on the Poisson formula thus, 
   
     (  )
  
 …………………..………………………………………………………………………………….. (8) 
Assuming an isochoric system, the probability of finding at least one nucleus in a given period can be summarized (Abay 
and Svartaas, 2010) as  
            
   (    )  …………………………………………………………………………………..….. (9) 
This model was applied to the field of study (Figure 13).  The rate of nucleation (j) for a unit volume was determined from 
the correlations of Kashchiev and Firoozabadi (2003) (dashed lines, “K-F model” in Figure 13) and the results were compared 
in the distribution with the experimental results of Abay for a similar fluid composition.  
The results however presented an underestimation of the induction time and thus an initial idealized rate was used to fit the 
induction time obtained from the (Natarajan et al, 1994) method to the laboratory results to get about 90% probability(das-
dotted line, “j assumed” in Figure 13). Nevertheless, these results were still uncertain because of the variation of the cooling 
rates used in Abay’s experiments (dotted lines, “j expt" in Figure 13). The cooling rate (CR) was thus estimated from the field 
by taking the derivative of the temperature decline curves (Appendix G) from field data at the time it reached the hydrate 
formation temperature (19 
o
C at 75 bar – 1.7 oC/hr) and the time it reached ambient temperature (4.4 oC – 0.018 oC/hr). A 
linear interpolation was used to estimate the variation of the nucleation rate for the gas with similar composition and the 
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probability curves (continuous lines, “j est1”) were taken to capture the widest variation in induction time from which P10, 
P50 and P50 values were recorded (Table 2). 
 
 
Figure 13: Showing the probabilistic distribution curves for nucleation at different cooling rates from experiments (dotted lines), estimates from 
empirical model (dashed lines) and field data (continuous lines).  
 
Table 2: Probabilistic Estimation of induction time 
Cooling Rate (
o
C/hr) Probability Induction time (minutes) 
 
1.74 
P10 2 
P50 15 
P90 50 
 
0.018 
P10 1.5 
P50 10 
P90 33 
 
The results show that the onset of hydrates could begin between 1 to 60 minutes after the operating conditions cross the 
hydrate equilibrium condition. This is quite low for a field operation and the next step taken was to estimate the period for 
cooling in a specific system from steady state operating conditions to the hydrate equilibrium condition. 
 
Thermal Transient Model  
The results from the nucleation kinetics indicated that hydrates could easily form and eventually plug the line within a few 
minutes. The thermal transient modeling stage was thus analyzed to predict the change of temperature in real time and 
determine the period before the hydrate formation conditions were reached. Let’s consider the heat distribution of the flow 
system illustrated in the pipe section (Figure 14) which may induce hydrate formation.  
 
Figure 14: Conceptual model showing heat loss in a section of a pipe causing hydrate formation 
 
The heat transfer can be described by the following partial differential equation: 
  
  
  
  
  
   
  
    
(      )……………………….………………………………………….…………. (10) 
where                                                                                             
The above model gives the general equation for a system where temperature, T changes in time, t and space, x. This can be 
simplified by splitting the equation into two media – temperature trend with time and temperature profile in space. The effects 
of temperature variation in the pipe wall can be evaluated with the Biot, Bi and Fourier, Fo numbers (Incropera et al, 2007) 
described in Appendix F. This evaluates the variation of temperature inside the pipe wall while the body heats or cools over 
time and the results Bi > 0.1 showed that heat conduction inside the body is slower than heat convection away from its surface. 
 
Thermal variation in space. The temperature variation in space through a pipeline can be estimated from the steady state 
equation 17, a developed program or other commercial software (Valberg, 2005) 
 ( )       (         ) 
( 
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In this model the ambient temperature also changes in space and is evaluated from the geothermal temperature gradient as 
shown below 
             
  
  
 ……………………………………………………………….…………………………………… (12) 
To evaluate the formation of hydrates however, the variation of temperature in time was analysed to determine the time for the 
temperature of a system to decline to the hydrate equilibrium condition. This model (equation 11-12) was however used to 
evaluate the variation of operating temperature with flowing rates in the well and the variation of pressure in the well was 
analysed using the (Hagedorn and Brown, 1965) correlation for a vertical well (Appendix H). This can be used to predict the 
flowing pressure close to the wellbore when field data is unavailable. 
 
Thermal variation in time. The time-dependent thermal transient model was analyzed by applying the heat transfer loss 
equation and validated with real time field data. The model is synonymous to the Newton’s Law of Cooling (Winterton, 1999). 
This is given by equation 13 (see shown in Appendix G). 
 ( )       (       ) 
 
 
 ……………………………………………………………………..……………..……… (13) 
This model was fitted to diagnosed field data using error analysis and used to predict other shut in periods. The term τ is 
the system specific time constant given by    
   
  
 
The Figure 15 shows a trial simulation of the thermal transient model for a system initially operating at 70
o
C before cooling 
down to ambient temperature (4.4 
o
C). The time factor is unique to a system and also depends on the heat transfer coefficient 
that is somewhat difficult to model due to several uncertainties. This was however resolved by applying the equation to the 
field data and this instigated the validation process.  
 
   
 
Figure 15: Showing a typical thermal transient model Figure 16: Production profile plot showing shut-in periods (right) 
 
Model Validation. The validation process was commenced by first identifying shut-in periods for the field from the 
production data as shown in Figure 16 to locate the prolonged cool down periods (i.e. more than 24hrs for this case). The 
specific dates identified were then used to obtain the relevant pressure-temperature (P-T) data from sensors at the installation 
with hydrate formation risk (manifold, riser) and the model (equation 13) was history matched with the data using linearization 
and fitting techniques. The hydrate formation temperature (HFT) was estimated using the thermodynamic correlation (Motiee, 
1991) that matched the field data for the fluid (R3) that flows through the flowline.  
The diagnostic method used was to first estimate the time constant,   by making the equation linear, thus   
  
(       )
( ( )     )
 
 
 
 ……………………………………………………………………………………….…………… (14) 
The field data was thus converted to this form and the time constant τ was obtained from the inverse of the slope (Figure 17). 
  
Figure 17: Showing Diagnostic approach to determine the time constant from the field data  
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A trendline was the plotted across the data to a best fit with a regression > 0.9. It was later observed that the coefficient 
affected the curvature of the matched model while the constant affected the intercept in the thermal transient (temperature 
decline) curve. The estimated value of the time constant was then used to calibrate the model. The results however, did not 
give a good match as seen in Figure 18a (        ). The equation was remodified and fitted by minimizing the deviations 
Average Absolute Deviation  (    (
 
 
)∑  |             |
 
 ), Average Relative Deviation (    (
 
 
)∑  (       
 
 
      )) and the Mean Square Deviation(    (
 
 
)∑  (             )
 
 ) but with more preference to the AAD. This was 
achievable by multiplying the time constant by a proposed fitting factor, α to obtain the fitted time constant (  ). The 
constant, C was also attached to get better results when modified between 0.1 and 1. The equation 13 thus becomes, 
 ( )       (       )  
 
 
  ……………….………….…………………………………………..…… (15) 
 
 
 
Figure 18: Showing thermal transient models a) before fitting to field data and b) after fitting to match model with field 
 
A goal-seek approach (in MS Excel) was used to minimize the deviation (AAD = 0.63) by varying the proposed fitting 
factor and constant. The Figure 18b illustrates the validated fitted model to the field data.  
 
Field Application. This was achieved by integrating the three models – thermodynamic, nucleation kinetics and thermal 
transient model to estimate the period to the onset of gas hydrate formation in Manifold A in the LINCAT field. This can 
written as  
                                           ……………………………………………..………………………. (16) 
Where                                                                              
The cooling period,     was estimated by modifying the eqn. 15 at T (t) equal to the HFT (    ) from eqn. 2 and C=1 to give  
          [
       
         
] …………………………………..………………………………………………..…..….. (17) 
Thus, integrating the equations with      from equation 5 through 7, the equation 16 becomes  
                                    [
       
         
]    (
  
 
   
  )
  
……………….…..……………….….... (18)  
The modified model (equation 18) was used to predict the thermal decline trends and period to onset of hydrates at other 
shut-in periods in the manifold A. The diagrams in Figure 19 show the integrated model for predicting the period to onset of 
gas hydrates in the same manifold system at the different cool down periods (year X&Z in a space of five years). This was 
analysed for a non-inhibitive system.  
 
Figure 19: Field application of thermal transient model in year X (left) and Z (right) to predict time of cooling to the hydrate formation condition 
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The fitted time constant from the history matched model was used by minimizing the deviation from the field data. In both 
cases, the model had a good fit (AAD < 2 
o
C). It was observed that the temperature decline was incomplete in year Z and the 
model was then used to forecast the trend of the temperature decline for that period assuming the shut in period was extended. 
The HFT was observed to be higher in Year X (Figure 19) than in time Y and this is due to due to the temporary surge – 
fluctuation in pressure in the system observed (Appendix J). The hydrate formation temperature was however below the 
system temperature due to the low pressure of the system in that shut-in period (Figure 31). 
An attempt was also made to create a similar model for the riser base and the whole flowline but this was inconsistent due 
to the instability in pressure caused by the gas lift injection system similar to what was observed in the manifold system in year 
Y. The Table 3 shows the variation in the conceptualised constants from diagnosed and validated (modified) model for the 
manifold system and R3 fluid. The period to HFT is the sum of the estimated time to HFT and the nucleation period (eqn. 16). 
 
Table 3: Thermal Transient Analysis for conduit system of R3 Reservoir Fluid 
Equipment/ Period Regression, 
R
2
 (eqn14) 
Constant, 
C 
Proposed 
τ (sec) 
Fitting 
Factor,α 
Fitted time 
constant, ατ 
AAD (
o
C) ARD  (
o
C) Period of Onset 
of Gas Hydrates 
Manifold A Year X 0.9908 1 1E-05 0.252 25200 0.634 0.117 10hrs + 2-50min 
Manifold A Year Y 0.8460 1 1E-05 0.210 21000 1.595 0.512 - (P < 13 bar) 
Manifold A Year Z 0.9541 1 1E-05 0.286 28583 1.92 -1.185 12hrs + 2-50min 
 
It was observed that the coefficient affected the curvature of the model, while the constant affected the intercept in the thermal 
transient (temperature decline) curve. In order to get a better match to field data, the intercept constant, C was set to 1, since T 
(t) equals Ti at t = 0 thus using the linearized equation, ln (1) = 0 as seen in diagnostic plot of Figure 17. However, a better fit 
was observed when this value was varied between 0.9 and 1.  The diagnosed time factor was then fixed to 1E-05 and the fitting 
factor was used as a modelling parameter to get the best fitted model with minimal errors. From the table it was observed that 
the fitted time constant varies but may be similar (30,000 sec) if the relative error was used (Table 6, Appendix J). The results 
for the riser base and flowline systems were however not consistent due to the high instability of pressure at the riser base (see 
Table 6 in Appendix J). 
This methodology for modelling thermal transient trends can be used to determine the temperature decline at any point in 
time for the system. Assuming an uninhibited system, the time it takes to reach the HFT can be estimated from the 
intersection. In Year X, this was estimated as approx. 10 hrs after which hydrates would begin to form after nucleation period. 
In the same vein, in Year Z, it was observed that due to high pressures in the system, the HFT was crossed in 12 hrs. This 
however, may not be the case in an inhibited system.  
The next step thus was to estimate the depression of the HFT from the effect of inhibitors (see Appendix I). From the 
results, it was observed that at a fixed injection rate of 14 gpm, thermodynamic inhibition is still limited to a water cut of < 
20%. Above this limit, an alternative operational procedure is required to prevent hydrate formation where there is free water. 
As recommendation for operations, the shut-in period should not exceed the estimated time for an uninhibited system. The 
results indicated that hydrates could begin to nucleate after 10 hrs in the manifold system and from previous analysis, the onset 
of hydrates may occur after 2-50 minutes. 
 
Sensitivity analysis 
The modified thermal transient model was thus used to analyse the effect of operating parameters. This was performed to 
observe the effect of key parameters on the onset of hydrate formation.  
• Effect of Salinity: The effect of salinity on thermodynamic equilibrium condition for hydrate formation was analysed using 
the results from experimental data. It was observed that there was a slight reduction in hydrate equilibrium temperature - 
about 1 K (1 
o
C) at all pressures between fresh water (0% salts) and 3% wgt of NaCl (representing field data) as 
delineated in Figure 20. 
 
 
Figure 20: Showing the effect of salinity on hydrate formation 
 
• Effect of operating pressure: The changes in pressure affect the hydrate formation by increasing the hydrate formation 
equilibrium temperature. The highest operating pressure (103.4 bar, uppermost brown line in left diagram of Figure 21) 
shows that hydrate may begin to form after 12 hours. The time increases as the pressure declines till the point where it is 
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unlikely to form. It was observed that the pressure required to prevent the formation of hydrates was < 13 bara). The 
diagram on the right shows the variation of the HFT with pressure. 
  
Figure 21: Showing the effect of flowing pressure on hydrate formation in the integrated model (left) and HFT vs. P (right) 
 
• Effect of gas composition: The effect of gas specific gravity is illustrated in Figure 22. The risk of hydrate formation (high 
HFT) is observed as the specific gravity increases till a point where further increase causes a reduction in HFT (Figure 22 
right). This is likely due to the increase in the amount of heavier components C6+ which are less likely to form hydrates.  
  
Figure 22: Showing the effect of specific gravity on hydrate formation in the integrated model (left) and HFT vs. P (right) 
 
• Effect of initial temperature (Ti): The initial temperature before shut in however significantly affects the decline period to 
hydrate formation condition. From the Figure 23 it was observed that the change of the initial temperature from 50
o
C to 
100
o
C may increase the time to HFT by a factor of 2. This however reduces after subsequent increase in Ti.   
• Effect of flowing rate (q): The model was modified to analyse the effect of liquid flowing rate. The thermal transient 
model becomes 
 ( )       (       ) 
 
  
    ……………………………………………………………………………………… (19) 
The flowing temperature changes slightly with flowing rate. It was observed that during steady state production, the 
temperature decline was minimal in space and time. The Figure 24 shows the effect of production rate on the temperature 
assuming the initial temperature does not change. The heat generates from the flowing fluid keeps the temperature high 
enough to prevent hydrate formation for the system analysed.  
 
           
Figure 23: Effect of operating temperature before shut-in                 Figure 24: Effect of Flowing rates on hydrate formation 
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Discussion  
This section will attempt to give an overall discussion from the results of the analysis of this project. The hydrate prediction 
model can be formulated by combining the results of the thermodynamic model, hydrate kinetic model before its onset 
(nucleation) and the thermal transient model. It is however noted that the thermal transient model is better used with the 
thermodynamic model to prevent the operations in the industry from reaching hydrate formation conditions. Previous authors 
have developed thermal transient analysis using the heat transfer coefficient. However this is now embedded in commercial 
software and little attention is being paid to history matching and modifying these models to refine techniques to prevent 
hydrate formation.  
Thermodynamic modelling is very important to accurately predict the hydrate equilibrium conditions as all other models 
depend on this one. From the results in Figure 8 it was obvious that different correlations predict different results, thus it is 
recommended that experimental studies are done to determine this. The model is dependent on pressure temperature and gas 
composition, thus a mere regression cannot be used to represent an experimental data. Different models relating all these three 
parameters should be analysed with experimental results to determine an appropriate model. Most models give the same results 
at low pressure (Figure 8) but deviate at higher pressures, thus wide range of pressure should be used during analysis. 
The onset of gas hydrates also depends on nucleation. Nucleation depends on many properties including cooling rates and 
others that are uncertain.  From the analysis it was observed that the cooling rates for a field may be low and are not uniform. 
Laboratory experiments can thus be modified by conducting hydrate formation tests while changing the cooling rate (to as low 
as possible); this may yield better results. Previous authors (Sloan and Koh, 2007) have attempted to determine the induction 
time from experiments but it was noted that it is apparatus dependent. The models developed from these experiments were 
mostly formulated for single components of gas or their mixtures and a relatively less amount of work has been done for 
multicomponent systems, thus increasing the uncertainty. The induction time estimation is thus random and a probabilistic 
model is recommended as a preferred method to analyse it. 
The thermal transient model above can be used to analyse the risk of hydrate formation in a system. It is however 
dependent on the pressure fluctuations in the system. Field operations can be optimized to avoid hydrate formation by reducing 
the operating pressure below its hydrate formation/dissociation pressure; in this LINCAT case, <13 bara). 
The approach used in this project to analyse kinetics of the onset hydrate can be thus applied to other systems. 
 
Conclusions  
From the analysis, the following conclusions were drawn out. 
 A conceptual prediction model (eqn. 18) was developed to analyse the onset of hydrates from three sub-models 
including thermodynamic model, hydrate kinetic model and thermal transient model. 
 Thermodynamic model is dependent on temperature, pressure and gas composition thus, an appropriate prediction 
model should corroborate experimental results at high pressures.  
 Hydrate formation also depends on the presence water, relative amount of low molecular weight components as well 
as intermediates in natural gas. 
 Thermal Transient Model useful to predict period to the equilibrium condition before onset of hydrates at any time.  
 The results show that for an uninhibited system, hydrate equilibrium conditions are can be reached in about 10 hours 
in the LINCAT field (R3 fluid) at a maximum operating pressure of 103.4 bars during shut-in.  
 The time to hydrate formation condition can be increased by shutting in at higher temperatures (or at higher flow 
rates) and reducing the system pressure below the hydrate formation pressure. 
 Hydrate nucleation is a stochastic process. Induction time was estimated with a probabilistic approach to manage 
uncertainties and results indicated the onset of gas hydrates could begin between 2-50 minutes (10-90% probability).  
 
Recommendations and Suggestions for Further Work 
The following recommendations were made based on results of this project and literature review 
 Shut-in periods should be reduced (<10 hours) to avoid cooling to hydrate formation conditions 
 Initial temperature before shut in can be allowed to be as high as technically feasible, bearing in mind the limitation of 
the insulated pipe material. This could increase period before possible hydrate formation. 
 Pressure monitoring should be done to ensure pressures do not exceed the hydrate formation pressure during cool 
down periods for a system (<13 bar, allow 10 bar). 
 Carry out further experimental analysis to verify probabilistic range of nucleation time and effect of variation in 
cooling rates. 
 Memory effect can be avoided by heating well above thermodynamic conditions for several hours. 
 The methodology developed here should be extended to other systems with risk of hydrate formation by first 
performing a history match and then forecasting the system-specific model to other periods when planned shut-in 
would be done. 
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Appendix A – Literature Reviews 
 
1. T. Pearson, Birmingham (1778)  
 
Experiments and Observations on Different Kinds of Air 
 
Authors:  
Priestley Joseph 
 
Contribution to the understanding of gas hydrates:  
First observed vitriolic air (SO2) form “anomalous ice” which resembled hydrates 
 
Objective of the paper:  
To investigate the properties of different kinds of gases including vitriolic air (SO2), marine air (HCl), 
alkaline air (NH3) as well as fluor acid air (SiF4). 
 
Methodology used:  
Experimental technique was used. During the winter in one of his cold experiments in his laboratory, he 
observed the formation of “anomalous ice” formed by the impregnation of water by vitriolic air (SO2).  
 
Conclusion reached:  
Fixed air is discharged from water when converted to ice but vitriolic air is retained in the frozen mixture. 
 
Comments:  
This experiment was performed below ice point (17
ס
F) making it unconvincing that the observed frozen 
system was hydrate. This assumption is not valid for clathrate hydrate formation. 
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2. Philosophical Transactions v.101 (1810)  
 
Philosophical Transactions v. 101 
 
Authors:  
Davy Humphrey 
 
Contribution to the understanding of gas hydrates:  
1. First reported discovery of oxymuriate gas (chlorine) clathrate hydrates  
2. First to rename the dirty ice-like compound as hydrates 
3. Discovered alkali and alkali earth metals 
 
Objective of the paper:  
To investigate the properties of chemical substances including sulphur, phosphorus, chlorine, and their 
compounds.  
 
Methodology used:  
1. Observation of chemical reaction of substances by experimental procedures. 
 
Conclusion reached:  
1. Oxymuriate gas (chlorine) does not condense or crystallize at low temperature 
2. Chlorine freezes (forms hydrates) only in the presence of water. 
 
 Comments:  
The author was renowned for his discovery alkali and alkali earth metals. He also postulated that chlorine 
was an element and not a compound as initially postulated by its discoverer, Car Scheele.  
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3. Quarterly Journal of Science Lit. Arts, 15. 71 (1823)  
 
On Hydrate of Chlorine 
 
Authors:  
Faraday M. 
 
Contribution to the understanding of gas hydrates:  
1. First determined the composition of the chlorine hydrate 
2. Developed the chemical formula by ratio of chlorine to water 
 
Objective of the paper:  
Investigation on the nature of chlorine hydrate as a compound with water 
 
Methodology used:  
Experimental methods were used by liquefying chlorine by heating it under pressure. 
 
Conclusion reached:  
Chlorine hydrates confirmed to exist and each molecule of chlorine was attached to ten molecules of 
water. 
 
Comments:  
Faraday corroborated the existence of chlorine hydrate which was discovered by Davy Humphrey 
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4. Rec. Trav. Chem. Pays-Bas, 3, 29 (1884)  
 
On the hydrates of SO2 acid, chlorine, bromine and hydrogen chloride 
 
Authors:  
Roozeboom H. W. B 
 
Contribution to the understanding of gas hydrates:  
1. First to generate pressure-temperature plot for hydrates (SO2) 
2. Re-examined and confirmed the composition of chlorine hydrate 
 
Objective of the paper:  
Study of hydrates of chlorine, bromine, sulphurous acid and hydrochloric acid especially with respect to 
dissociation of their gas hydrates 
 
Methodology used:  
Experimental approach by heating solid hydrate compound to split to liquid and gas 
Analysis of results by plotting on a Pressure- Temperature curve 
 
Conclusion reached:  
Chlorine hydrates were confirmed to be composed of gas molecule and water with ratio (1:10) 
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5. Industrial Engr’g Chemistry v. 26, 851-855 (1934)  
 
Formation of Gas Hydrates in Natural Gas Transmission Lines 
 
Authors: Hammerschmidt Elmer G. 
 
Contribution to the understanding of gas hydrates:  
1. First to discover that natural gas hydrates (not ice) formed and blocked gas transmission lines 
even above ice point. 
2. Identified the primary and secondary factors that affect the formation of hydrates including 
pressure, temperature, gas composition, gas velocity. And also developed conceptual model to 
estimate hydrate formation temperature,  
 (  )       (         )      
Objective of the paper:  
1. To investigate the formation of gas hydrates in gas transmission lines and study the factors that 
affect hydrate formation. 
2. To evaluate the constituents of natural gas hydrates to determine their hydrate formation 
thermodynamic condition and estimate the heat of formation. 
Methodology used:  
1. Experimental study of hydrate formation by passing compressed gas through a length of copper 
tubing. Water was also introduced to the system and the apparatus was cooled to 38oF using a 
refrigeration system. Measurements were taken for temperature suing iron constantan 
thermocouple and pressure using the Bourdon tube gauge at the vented end. 
2. Experiment conducted for 5 days to investigate hydrate dissociation. Repeated experiment for 
different constituents of natural gas including methane, ethane, propane, butane and hydrogen 
sulphide to determine their hydrate formation conditions including estimated heat of formation.  
Conclusion reached:  
1. Hydrate formation depends on high pressure, low temperature, gas composition  
2. Secondary factors also affect hydrate formation including gas velocity and inoculation with small 
crystals of hydrates or pressure pulsation.  
Comments:  
Lower components (C1-C3) of natural gas formed hydrates more readily than higher components 
(C4) possibly due to lower vapour pressure of iso-butane 
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6. American Institute of Chemical Engineers, A.I.Ch.E. Journal (1955)  
 
Fundamentals of the hydrodynamic mechanism of splitting in dispersion processes 
 
Authors: Hinze J. O. 
 
Contribution to the understanding of gas hydrates:  
1. Distinguished the three basic types of deformation of globule to six categories of flow regimes. 
2. Detail study of breakup of droplets in viscous flow, air stream and emulsification in turbulent 
flow 
3. Developed formula to estimate maximum droplet size.           
  
  
[
   
   
]
    
  
Objective of the paper:  
1. To systematize the various ways in which a single globule can breakup 
2. To apply three considerations to the breakup of globules in viscous flow, in air and emulsification 
in turbulent flow. 
3. To obtain an expression for the average value of maximum globule size that can withstand the 
forces of a known hydrodynamic flow field 
 
Methodology used:  
1. Categorized the types of deformation and linked it to the different flow regimes 
2. Analysed the experimental works on the forces affecting splitting of globules in viscous flow, in 
air flow, emulsification in turbulent flow and expressed as viscosity group versus Weber group. 
 
Conclusion reached:  
The critical value of Weber group for breakup depends on the type of deformation and flow pattern 
around globule. The density difference between displaced and continuous phases affect breakup. 
Comments:  
Model developed to estimate maximum droplet size can be applied to determine size of droplet in water 
entrainment in oil during production before formation of hydrates. 
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7. Center for scientific and technical information (1966) 
 
Features of Natural Gas Fields Exploitation in Permafrost Zone 
 
Authors: Makogon Y. T. 
 
Contribution to the understanding of gas hydrates:  
1. Develop methodology to estimate the reserves of natural gas in the deposits enclosing hydrates. 
2. Recommended the principles of developing the natural gas hydrate deposits from studying 
hydrate dissociation in porous rock. First to place emphasis on the kinetics of hydrate formation 
both in bulk and porous environments. 
Objective of the paper:  
1. To develop method to estimate the reserves of natural gas in the deposits enclosing hydrates. 
2. To evaluate the conditions of hydrate dissociation in porous rock from which recommendations 
on the principles of developing natural gas hydrate deposits were made. 
 
Methodology used:  
Several experiments were performed in the lab to determine the conditions of hydrate formation and 
decomposition in the porous medium. Experiments were performed in thermostatic cells with variable 
volumes filled with the porous medium - quartz sand pressurized to 270 atm. 
Conclusion reached:  
1. Gas hydrate deposits are located at depth dependent on the pressure and composition of water and 
gas, the depth of permafrost layer, the geothermal gradient below the permafrost layer, and also 
on the quality of the porous medium. 
2. Gas reserves in deposits containing gas in hydrate state can be estimated from the method 
developed.  
3. Deposits containing gas partially in a hydrate state can be developed by lowering the pressure 
corresponding to the hydrate decomposition conditions, heating of the deposit above the hydrate 
decomposition temperature, and injecting inhibitors into the layer. 
Comments:  
Makogon and other Russian scientists discovered deposits of natural gas hydrates in the interior of the 
earth in the late 1960’s. 
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8. Chemical Engineering Science Vol. 38 (1983)  
 
A kinetic study of methane hydrate formation 
 
Authors: Vysniauskas A. And Bishnoi P. R. 
 
Contribution to the understanding of gas hydrates:  
1. First to observe by experimental methods that formation kinetics depend on area interface (As), 
pressure (P), temperature (T) and sub-cooling (ΔT) 
2. Formulated semi-empirical kinetic model to determine reaction rates (r) by considering the 
reaction to depend on concentration of critical size cluster and monomers of water and methane at 
the interface. 
        ( 
   
  
)    ( 
 
   
)   
Objective of the paper:  
1. To investigate the kinetics of methane gas hydrate formation by experimental methods 
2. To use results to formulate a reaction rate model to predict rate of gas hydrate formation 
 
Methodology used:  
1. Experimental study of kinetics of methane hydrate formation by use of a semi-batch stirred tank 
reactor 
2. Condition of experiment was at a temperature range of 274-284K and pressure, 3-10MPa 
 
Conclusion reached:  
1. Kinetics of formation of hydrates depends on liquid water-gas interfacial area, pressure, 
temperature and degree of sub-cooling. 
2. Rate of hydrate formation decreases with increase in temperature and the history of water sample 
affect induction delay time for nuclei formation but had no effect on overall kinetics of formation 
after nucleation. 
3. Hydrate formation process visualized to occur at liquid water-gas interface in agreement to 
Makogon Y, 1978 
Comments:  
A negative apparent energy of activation determined for reaction was similar to that estimated from 
Moelyn-Hughs E. A, 1971 
 
 
26 Prediction of Onset of Gas Hydrate Formation in Offshore Operations 
 
 
9. SPE 23562 (1991)  
 
Natural Gas Hydrates 
 
Authors:  
Sloan E. D. 
 
Contribution to the understanding of gas hydrates:  
1. Highlights of major challenges in of natural gas hydrate formation in the oil industry 
 
Objective of the paper:  
1. To give general view on how gas hydrates impact oil industry 
2. To qualitatively illustrate the application of gas hydrates including future reserve 
Methodology used:  
1. Review of other papers and qualitative analysis 
2. Analysis of impact of gas hydrates to the industry and classified them to different aspects 
including inhibition for processing, drilling application and problems associated with production 
via pipeline. It also points out the applications to separation, desalination and storage. 
3. Qualitative analysis of impact of hydrates on economics  
Conclusion reached:  
1. Gas hydrates are a nuisance to oil industry when drilling, producing or processing fluids  
2. Lessons can be learnt from gas hydrate production history in the USSR. 
3. Alternative ways of inhibiting hydrates in future can be performed to tackle economic  challenges 
Comments:  
1. Methanol injection costs about $2.5 million in 1990and the capital cost to predict hydrate 
problems are 5-8% of total facility. 
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10. Chemical Engineering Science Vol. 49 (1994)  
 
Induction Phenomena in Gas Hydrate Nucleation 
 
Authors: Natarajan V., Bishnoi P. R. and Kalogerakis N. 
 
Contribution to the understanding of gas hydrates:  
1. Developed conceptual model for estimating induction time. Induction time equals the time till 
turbidity is observed less time to equilibrium state (ttb) less time for critical nuclei (teq) to grow to 
visible size (tgwh) 
                  
2. First to develop kinetic model for rate of hydrate nucleation (R) from power law, 
   (   )  
      (
  
   
  )
  
 
3. Defined the driving force of hydrate nucleation and discussed on the metastability region for 
hydrate nucleation 
Objective of the paper:  
1. To estimate period of hydrate nucleation for methane, ethane and carbon dioxide. 
2. To develop a conceptual model to predict the induction time 
 
Methodology used:  
1. Experimental set up similar to past work of Bishnoi et. al. (1985, 1986) and Engeloz et. al. (1987) 
consisting of a semi-batch stirred reactor with windows observing formation. 
2. Results recorded on a microcomputer from the experiment at a stirred rate of 400rpm. 
3. Application of power law to estimate rate of nucleation and induction time. 
 
Conclusion reached:  
1. Driving force of nucleation defined as the difference between fugacity of gas in liquid at 
experimental condition and the fugacity at three phase equilibrium condition. 
2. Induction periods are exponentially proportional to the driving force. 
Comments:  
Fugacity estimated from Trebble and Bishnoi (1987, 1988) 
 
 
28 Prediction of Onset of Gas Hydrate Formation in Offshore Operations 
 
 
11. Fluid Phase Equilibria 152, 23–42 (1998) 
Hydrate Kinetics: The Main Problem in the Gas Hydrate Industrialization 
 
Authors: Ahmed A. Elgibaly, Ali M. Elkamel 
 
Contribution to the understanding of gas hydrates:  
Developed new correlation for predicting hydrate formation temperature using a new Artificial Neural 
Network with the Back Propagation (BP) method 
 
Objective of the paper:  
1. To develop a comprehensive neural network model for predicting hydrate formation conditions 
for various pure gases, gas mixtures, and different inhibitors 
2. To compare predictions to with correlations and also to real experimental data. 
 
Methodology used:  
1. Numerous (2387) input–output patterns collected from different reliable sources used to train 
prediction model. 
2. Predictions compared to existing correlations and also to real experimental data 
3. Elaborate discussion on the use of the new model in an integrated control dosing system for 
preventing hydrate formation 
 
Conclusion reached:  
1. High accuracy achieved from  investigation of  neural network architectures  
2. Better accuracy achieved by updating developed models by retraining with extra data.  
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12. Contemporary Physics 40. 3 (1999)  
 
Newton’s Law of Cooling 
 
Authors: Winterton R. H 
 
Contribution to the understanding of gas hydrates:  
1. Proof of Newton’s law of cooling by experiment 
2. Experimental study to illustrate boundary conditions where law of cooling holds (<200oC). 
3. Reconstruction of Newton’s expt. in transient cooling by applying modern heat transfer. 
 
Objective of the paper:  
1. To give details of Newton’s work 
2. To reconstruct Newton’s expt on transient cooling using knowledge of heat transfer 
3. To mimic Newton’s experimental methods by simulation and comparison of the results (i.e. 
reproduce the estimated temperatures newton obtained). 
Methodology used:  
1. Rewriting Newton’[s Law of Cooling in a mathematical form 
    (           ) 
2. Experimental study by mimicking Newton’s experiment exposing a heated iron bar to wind. 
Comparison of Newton’s results with estimated results from modern heat transfer. 
3. Analysing uncertainty to determine conditions at which Newton’s experiments took place. 
Conclusion reached:  
1. Newton was the first to propose the law of cooling of a hot object,” the rate of heat loss is 
proportional to the temperature itself”. 
2. Lumped parameter method of transient analysis originated by Newton 
3. Results from Newton experiments hold for T<200 oC. Above this, the change in heat transfer 
coefficient and specific gravity affects its estimate. Simulation agrees with Newton’s results at 
elevated temperatures. 
Comments:  
1. Newton’s law of cooling obeyed forced convection rather than in natural convection. 
2. Lumped parameter method requires constant value of h/cp due to uneven increment of each term; 
this will help reduce uncertainty of the final results.  
 
 
 
30 Prediction of Onset of Gas Hydrate Formation in Offshore Operations 
 
 
13. Encyclopaedia of Supramolecular Chemistry (2004)  
 
Clathrate Hydrates 
 
Authors:  
Ripmeester J. A., Ratcliffe C., Udachin K. A. 
 
Contribution to the understanding of gas hydrates:  
1. Defined all the types of hydrate structure unit cell contents and cage types. 
2. Indicated the classes of hydrate formers including monatomics, diatomics, inorganic compounds, 
organic hydrocarbons. 
3. Explicitly describes the hydrate structure from Euler’s relationship. 
 
Objective of the paper:  
1. To illustrate the recent development in the study of clathrate hydrates 
2. To describe the structures of gas hydrate from different hydrate formers. Other types of 
uncommon hydrate structures were described. 
Methodology used:  
1. Experimental investigation on the characteristics of hydrate and discussion on the methods of 
experiments. 
2. Review of past work of researchers including self-work on bromine hydrate and di-methyl ether. 
Conclusion reached:  
1. Interest in understanding and control of kinetic processes of hydrate formation is still recent 
2. Points out the application of the theory of gas hydrate formation to storage and transport, 
fractionation of gas amongst others 
Comments:  
The best estimate of the chemical potential difference was determined as 1297 J/m for sI-hydrate. 
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14. International Chemical Engineering Congress and Exhibition Kish Island, (2008)  
 
Predicting the Hydrate Formation Temperature by a New Correlation and Neural Network 
 
Authors:  
Navab E. K., Khoshnoodi M., Fanaei M. A. 
 
Contribution to the understanding of gas hydrates:  
1. Investigated different hydrates kinetic models including the structural types, formation conditions 
and the required driving force for formation. 
2. Compared the best models investigated with experimental data. 
 
Objective of the paper:  
1. To develop a model accurately predict the hydrate formation temperature to avoid 
2. To compare the best models investigated with experimental data.  
 
Methodology used:  
1. The kinetic model proposed by Genanenderan and Amin was simulated with MATLAB for a 
spray reactor. 
2. Compared the replicated results with experimental data 
 
Conclusion reached:  
1. In general, there is no equation that describes the kinetics of gas hydrate formation. 
2. Kinetics of hydrate formation depended on thermodynamic of hydrate formation, for this reason, 
kinetics of hydrate formation cannot be investigated solely. 
3.  The kinetic model proposed by Kashchiev and Firoozabadi, 2003, has many advantages and can 
be considered as a candidate for further studying 
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15. SPE 19514 (2008)  
 
Predicting When and Where hydrates plugs form in Oil Dominates Flowlines 
 
Authors:  
Boxall J., Davies S, Koh,C.  and Sloan E. D. (Center for Hydrate Research, Colorado School of Mines). 
 
Contribution to the understanding of gas hydrates:  
1. Developed hydrate kinetic model, CSMHyk to predict when and where hydrates form 
2. Investigated industrial use of kinetic model by analysing variation in design parameters (heat 
transfer coefficient and water cut) 
 
Objective of the paper:  
1. To predict when and where hydrates plugs form in an oil dominated system 
2. To devise a strategy for testing kinetic model via experimental flow loop tests 
Methodology used:  
1. Model was developed based on Vysniauskas A. and Bishnoi P. R., (1983) 
2. Model incorporated into transient multiphase simulator 
3. Validation of model by comparison with flow loop test experiments and mofification of model by 
fitting technique.  
Conclusion reached:  
The predictions gave good agreement with flow loop test results. Water cut can be a controlling factor in 
determining how much cooling of a pipeline section can be can be buffered by hydrate formation 
Comments:  
Sub cooling is 6.5
o
F. Hydrate formation is limited by ability of pipeline to loose heat to surroundings due 
to exothermic hear of hydrate formation. 
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16. OTC 23490 (2012)  
 
Predicting Hydrate Blockages in Oil, Gas and Water-Dominated systems 
 
Authors:  
Zerpa L.E., Aman  Z.M., Joshi S., Rao I., Sloan E.D., Koh C.A., and Sum A.K 
 
Contribution to the understanding of gas hydrates:  
1. Improved on hydrate aggregation module for oil dominated systems to account for temperature, 
particle-particle contact time, excess H2O and presence of surface acting compounds. 
2. Extended CSMHyk hydrate kinetic model to water and gas dominated systems. Combined heat 
and mass transfer model for hydrate deposition and growth systems 
 
Objective of the paper:  
1. To improve the hydrate aggregation module for oil-dominated system 
2. To extend hydfrate kinetic model, CSMHylk to water and gas dominated systems based on 
fundamental models from flow loop tests 
3. To introduce 3rd generation of hydrate kinetic model 
4. To show application of model to industrial scenerio 
Methodology used:  
1. Use of experimental data to improve hydrate aggregation module for oil-dominated system 
2. Use of fundamental models of flow loop test data to extend the CSMHyk  
3. Use of geometry and fluid properties of offshore wells to demonstrate how improvemets affecting 
p[lugging prediction for steady state and transient (shut-in and restsrt) operations 
Conclusion reached:  
1. First oil dominated model designed to balance key factors in dynamic force calculations including 
water contact, contact time, water-oil interfacial tension, surface wettability and hydrate particle 
size. 
2. Model predicts amount of hydrates formed for water dominated system. Model also predicts 
hydrate film thickness along pipeline as a function of time in a gas dominated system. 
Comments:  
Model improves capability to predict hydrate formation and blockage of flowlines. 
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Appendix B – Milestones Table 
Table 4: Milestones in Prediction of Onset of Gas Hydrates Formation in Offshore Operations. 
Paper No. Year of 
Publication 
Title Authors Contribution 
T. Pearson, 
Birmingham 
1778 Experiments and 
Observations on Different 
Kinds of Air  
Priestley Joseph First observed vitriolic air (SO2) form 
“anomalous ice” which resembled hydrates. 
Philosophical 
Transactions v.101 
1810 Philosophical Transactions 
v. 101 
Davy 
Humphrey 
First reported discovery of oxymuriate gas 
(chlorine) clathrate hydrates. 
Quarterly Journal of 
Science Lit. Arts, 15. 
71 
1823 On Hydrate of Chlorine Faraday M. First determined the composition of the 
chlorine clathrate. 
Rec. Trav. Chem. 
Pays-Bas, 3, 29-58  
1884 On the hydrates of SO2 
acid, chlorine, bromine 
and hydrogen chloride 
Roozeboom H. 
W. B 
First to generate pressure-temperature plots for 
SO2 hydrates. 
Comptes Rendus de 
l'Académie des 
sciences., 106 
1888 On the formation of gas 
hydrates 
Villard P., and  Villard first determined the existence of 
methane, ethane and propane hydrates. 
Together with de Forcrand, they established a 
technique to determine composition of 
hydrates. 
Industrial Engr’g 
Chemistry v. 26, 
851-855 
1934 Formation of Gas Hydrates 
in Natural Gas 
Transmission Lines 
Hammerschmidt 
Elmer G.  
1.First to discover that natural gas hydrates 
(not ice) formed and blockedgas transmission 
lines even above ice point. 
2.Identified the primary and secondary factors 
that affect the formation of hydrates including 
pressure, temperature, gas composition, gas 
velocity. And also developed conceptual 
model to estimate hydrate formation 
temperature,  
 (  )       (         )      
American Institute of 
Chemical Engineers, 
A.I.Ch.E. Journal  
1955 Fundamentals of the 
hydrodynamic mechanism 
of splitting in dispersion 
processes 
Hinze J. O. 1.Distinguished the three basic types of 
deformation of globule to six categories of 
flow regimes. 2.Developed formula to estimate 
maximum droplet size.  
         
  
  
[
   
   
]
    
 
Center for scientific 
and technical 
information  
1966 Features of Natural Gas 
Fields Exploitation in 
Permafrost Zone 
Makogon Y. T. 1.Develop methodology to estimate the 
reserves of natural gas in the deposits 
enclosing hydrates. 
2.Recommended the principles of developing 
the natural gas hydrate deposits from studying 
hydrate dissociation in porous rock. 
3. First to place emphasis on the kinetics of 
hydrate formation both inbulk and porous 
environments 
Chemical 
Engineering Science 
Vol. 38  
 
1983 A kinetic study of methane 
hydrate formation 
Vysniauskas A. 
and Bishnoi P. 
R. 
1.First to observe by experimental methods 
that formation kinetics depend on area 
interface (as), pressure (P), temperature (T) 
and sub-cooling (ΔT) 
2.Formulated semi-empirical kinetic model to 
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determine reaction rates (r) by considering the 
reaction to depend on concentration of critical 
size cluster and monomers of water and 
methane at the interface. 
        ( 
   
  
)    ( 
 
   
)   
SPE 23562  1991 Natural Gas Hydrates Sloan E. D. Highlights of major challenges in of natural 
gas hydrate formation in the oil industry 
Chemical 
Engineering Science 
Vol. 49  
1994 Induction Phenomena in 
Gas Hydrate Nucleation 
Natarajan V., 
Bishnoi P. R. 
and Kalogerakis 
N. 
1.Developed conceptual model for estimating 
induction time. Induction time equals the time 
till turbidity is observed less time to 
equilibrium state (ttb) less time for critical 
nuclei (teq) to grow to visible size (tgwh) 
                  
2.First to develop kinetic model for rate of 
hydrate nucleation (R) from power law, 
   (   )  
      (
  
   
  )
  
 
3.Defined the driving force of hydrate 
nucleation and discussed on the metastability 
region for hydrate nucleation 
Fluid Phase 
Equilibria 152, 23–
42  
1998 Hydrate Kinetics: The 
Main Problem in the Gas 
Hydrate Industrialization 
Ahmed A. 
Elgibaly, Ali M. 
Elkamel 
Developed new correlation for predicting 
hydrate formation temperature using a new 
Artificial Neural Network with the Back 
Propagation (BP) method 
Contemporary 
Physics 40. 3  
1999 Newton’s Law of Cooling Winterton R. H 1.Proof of Newton’s law of cooling by 
experiment. 
2.Experimental study to illustrate boundary 
conditions where law of cooling holds 
(<200oC). 
Reconstruction of Newton’s expt. in transient 
cooling by applying modern heat transfer 
Encyclopaedia of 
Supramolecular 
Chemistry  
2004 Clathrate Hydrates Ripmeester J. 
A., Ratcliffe C., 
Udachin K. A. 
1.Defined all the types of hydrate structure 
unit cell contents and cage types.  
2.Indicated the classes of hydrate formers 
including monatomics, diatomics, inorganic 
compounds, organic hydrocarbons. 
3. Explicitly describes the hydrate structure 
from Euler’s relationship 
International 
Chemical 
Engineering 
Congress and 
Exhibition Kish 
2008 Predicting the Hydrate 
Formation Temperature by 
a New Correlation and 
Neural Network 
Navab E. K., 
Khoshnoodi M., 
Fanaei M. A. 
1.Investigated different hydrates kinetic 
models including the structural types, 
formation conditions and the required driving 
force for formation. 
2.Compared the best models investigated with 
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Island experimental data. 
SPE 19514  2008 Predicting When and 
Where hydrates plugs form 
in Oil Dominates 
Flowlines 
Boxall J., 
Davies S, 
Koh,C.  and 
Sloan E. D.  
1.Developed hydrate kinetic model, CSMHyk 
to predict when and where hydrates form 
2.Investigated industrial use of kinetic model 
by analysing variation in design parameters 
(heat transfer coefficient and water cut) 
OTC 23490 2012 Predicting Hydrate 
Blockages in Oil, Gas and 
Water-Dominated systems 
Zerpa L.E., 
Aman  Z.M., 
Joshi S., Rao I., 
Sloan E.D., Koh 
C.A., and Sum 
A.K 
1.Improved on hydrate aggregation module for 
oil dominated systems to account for 
temperature, particle-particle contact time, 
excess H2O and presence of surface acting 
compounds. 
2.Extended CSMHyk hydrate kinetic model to 
water and gas dominated systems. Combined 
heat and mass transfer model for hydrate 
deposition and growth systems 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Prediction of Onset of Gas Hydrate Formation in Offshore Operations              37 
 
 
Other Appendices 
Appendix C – Initial Flow loop Test Results 
 
Figure 25: Flowloop Test Results, Expt 1 
 
Figure 26: Flowloop Test Results, Expt 2 
From the results of flow loop test experiments (internal company reports), it was observed that the first 
hydrates formed in the reservoir fluids within 20 minutes after the system started to operate in the hydrate 
region (Figure 25 and Figure 26). At that time, part of the fluids had experienced a maximum subcooling 
of 12.6 C (black line). Hydrate formation resulted immediately in a very large increase in the viscosity of 
the fluids. The loop became blocked by hydrates some 8 minutes after the first hydrates were seen to 
form. 
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Appendix D – Estimation of Fugacity  
Fugacity is an effective pressure equal to the pressure of an ideal gas with similar chemical potential as 
the real gas by replacing the true mechanical pressure in accurate chemical equilibrium 
The fugacity (f) was estimated from the fugacity coefficient . The fugacity coefficient was estimated 
using the Redlich-Kwong equation of state (EOS). The fugacity is thus expressed as 
      
This was used to estimate the supersaturation S for the system studied to estimate the induction time. 
  (
  
   
)     (
   (    )
  
);     (       ) 
This is further explained in the next appendix. 
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Appendix E – Nucleation Kinetics 
Nucleation kinetics was analysed using the (Natarajan et. al. 1994) model. This was refined usin the 
(Kashchiev and Firoozabadi, 2003) model to estimate the driving force - supersaturation. The 
supersaturation was estimated from the expression:  
   (   )   (     )   )     [
   (     )
  
 ]       
The Figure 27 shows the results.  
 
Figure 27: Showing the effect of supersaturation on Induction Time 
From the analysis it was observed that as the supersaturation increased, the induction time reduced to 
zero. However al low supersaturation <3, the induction time increased exponentially to > 200 min. This 
indicates that the period of nucleation for the system in the LINCAT field is dependent on the 
supersaturation of the system. A sensitivity analysis was thus done to see the effect of operating pressure 
(diagrams in Figure 28) 
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Figure 28: Effect of Supersaturation (driving force) on nucleation 
It was observed from the analysis that the induction time reduces at lower operating pressure till it goes 
below the hydrate formation equilibrium condition at <13 bara. 
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Appendix F – Estimation of Biot And Fourier Numbers 
Biot Number: This was first used to assess the variation of temperatures inside the pipe wall while the 
body heats or cools over time. The value estimates ratio of the heat transfer resistances within and outside 
the flowline and is defined by: 
 
   
   
  
 
 
This was evaluated by using a heat transfer coefficient, h as1.36 - 2.0 W/m
2
-K, a characteristic length Lc 
of (4.7m
2
), and a thermal conductivity Kb of 0.10-0.17 W/m-K. The estimated value was ~40 > 1 which is 
characteristic of an insulating body and since it is also greater than 0.1, it can be said to be thermally 
thick (the heat conduction inside the body is slower than the heat convection away from its surface) and 
transient conduction was analyzed using the Fourier number. 
 
Fourier number: This is used to characterize heat conduction. This defines the ratio of the conductive 
transport rate to the quantity storage rate 
 
   
  
  
 
 
The value estimated is about 0.57 using the characteristic time, t as 30,000 sec, length through which 
conduction occur, L as0.07m
2
 and thermal diffusivity, α = k/ρ-cp (9E-8 m2/s) with density ρ of 780 – 840 
kg/m
3
and specific heat capacity, cp as 2130 J/kg-K. Using the Biot and Fourier numbers, in the equation 
19 below, the estimated time at t = τ gives a good approximation of the final temperature (4.0 oC subsea) 
after the decline. 
 
      
       
   (     ) 
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Appendix G – Heat Transfer model  
Hydrate formation occurs when the operating pressure falls below the hydrate equilibrium temperature or 
pressure. There is also heat loss due to hydrate formation and it has been indicated that the main driving 
force for hydrate formation in practical production operations is due to subcooling (Sloan E. D. and Koh 
C., 2003). A temperature change model was thus proposed using a heat transfer model and summarised 
below: 
       
  
  
  
  
  
   
  
   
(      ) 
Recall Figure 14: Transient heat distribution in a pipe section 
The model above was simplified by taking the time–dependent kinetics of heat loss by convection. 
Convection refers to the heat transfer caused by the motion of fluids.  Heat loss is due to convection by 
the flowing fluid along the pipe walls.  
If we consider a system where cooling occurs by convection within the fluids, the heat energy, H 
dissipated by the fluid particles at a point can be expressed by the relationship to its temperature using: 
       
If the temperature is assumed to be constant at any time, t, the rate of change with time can be estimated 
by differentiating the latter equation with respect to time  
  
  
    
  
  
 
The rate of heat loss, H can also be expressed from the differential equation using the Fourier Law (or 
Newton’s Law of Cooling) 
 
  
  
     ( ( )      ) 
Equating equations (ii) and (iii) gives: 
  
  
  
  
   
 ( ( )      ) 
The solution to this differential equation can be expressed as 
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 ( )       (       ) 
    
 
   
  
   
,                               
The β is an inversed time constant which is can be said to be specific to the system. It has a unit of sec-1 
and is can thus be redefined as 1/τ. The equation thus becomes 
 ( )       (       ) 
 
 
  
 
The term τ is therefore defined as the system specific time constant given by    
   
  
 
The overall heat transfer coefficient is being analysed by considering the heat transfer by both convection 
and radiation using the GPSA Engineering Data book. 
 
The cooling rate was estimated by taking the derivative of the model at a particular time t. thus 
  ( )
  
  
 
 
(       ) 
 
 
  
This was used to determine in the probabilistic model to estimate the induction time when the time the 
temperature reaches the hydrate formation condition and the ambient temperature.  
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Appendix H – Estimating Well Head Pressure 
This was evaluated from the (Hagedorn A. and Brown K, 1965) model thus: 
   
  
  
    
    
  
               
 
      
  
  
             (    ) 
H = hold up, h = height, d = diameter 
This was designed in MSExcel. However, the model was analysed by predicting the conditions that will 
yield the bottom hole pressure. The Figure 29 and Table 5 illustrate the results and input parameters. 
This can be used in the absence of field data to predict the well head pressure at a specified rate and thus 
predict the hydrate formation conditions in a wellhead. 
 
Table 5: Parameters used in Hagedorn and Brown Correlation 
Quantity Value  Units 
Tubing Diameter, d 0.1016 m 
Bottom hole Pressure 315  bara 
Pa 1.01 bara 
Seabed Temperature, Ts 4.44 
o
C 
Gas specific gravity., γg 0.65 frac/frac 
Water specific gravity., γw 1.07 frac/frac 
Oil Density, ρo 30 degAPI 
Oil flow rate, qo 1589.8 m
3
/day 
Water flow rate, qw 397.5 m
3
/day 
Gas Viscosity, μg 0.024 cp 
Oil Surface Tension, σo 30 dynes/cm 
Water Surface Tension, σw 70 dynes/cm 
GLR 1500 m
3
/m
3
 
WOR 0.25 frac/frac 
Well head Pressure 82.76 bara 
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Figure 29: Estimation of flowing pressure in a vertical well 
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Appendix I – Effect of Inhibition 
 
Figure 30: Thermodynamic inhibitor versus water cut at different operating pressure 
The Figure 30 above shows the effect of inhibition on the system through which the R3 fluid flows. It 
was observed that at a fixed inhibitor injection rate of 14gpm, the maximum water cut that the chemical 
inhibitor can handle effectively is 20% at operating pressure <103.4 bara.  
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Appendix J – Summary of thermal transient analysis for other systems 
The Table 6 summarises the analysis done at different periods and on other systems using average 
relative error functions. 
Table 6: Thermal Transient Analysis for other conduit systems for R3 Reservoir Fluid 
Equipment/ Period Diagnosed 
C 
Diagnosed 
τ (sec) 
Regression, 
R
2
 
Constant, 
C 
Proposed 
τ (sec) 
Fitting 
Factor
, α 
Fitted time 
constant, ατ 
Er (%) 
Manifold A Year X 0.9106 2E-05 0.9908 1 1E-05 0.305 30526 -0.001 
Manifold A Year Y 0.9578 2E-05 0.8460 1 1E-05 0.304 30448 0.000 
Manifold A Year Z -0.0597 3E-05 0.9541 1 1E-05 0.293 29319 0.000 
Riser base A Year X -0.2975 1E-05 0.9910 1 1E-05 1.098 109834 0.000 
Flowline  A Year X 0.1658 1E-05 0.9945 1 1E-05 0.780 78428 0.000 
Flowline  A Year Y 0.2074 3E-05 0.9521 1 1E-05 0.309 30948 0.000 
 
It was observed however that when there is a relatively high surge in the system, The thermal transient 
model would not give a good match as observed in year Y compared to Year X in the Figure 31. 
 
Figure 31: Field application of thermal transient model in Year X and Y showing unmatched model due to high pressure fluctuation in 
the early period after shut-in. 
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Appendix K – History of gas clathrate hydrates. 
Gas hydrates were first identified by Joseph Priestley in 1778 during one of his experiments on a cold 
evening (Priestley J. 1778) but the conditions for formation were below ice point. The first documented 
discovery of term “hydrate” from experiments on chlorine was in the early 1810 by Dir Humphrey Davy 
(Davy H., 1810) who published his works at his Bakerian Lectures.  
The impact of hydrates on the natural gas industry was not investigated until 1934 by 
Hammerschmidt who discovered that natural gas pipelines were been plugged by hydrates even above ice 
point (Hammerschmidt E, 1934). His work led to the regulation of gas water content and development of 
methods for preventing plugging by hydrates.  
The history of research on gas hydrates has been identified (Sloan E and Koh C., 2003). The identified 
periods were classified into three.  
1. From 80-235 years ago being the first period of discovery and early scientific interest on its 
formation;  
2. From 50 to 80 years ago – the mid period – relates to the effects of man-made hydrates as a nuisance 
to the oil industry. This began in 1934 after the discovery of natural gas hydrates in gas mains but the 
works of this period were applied to inhibition systems and seems not to create less contribution to 
the better understanding of the nature of these compounds;  
3. Since 50 years ago (1960’s) to date, the last period began after the discovery of natural deposits of 
gas hydrates in the earth’s interior of permafrost regions and deep sea beds by Russian scientists 
including Makogon, 1965  
Many scientists were also notable for their works. Faraday M., (1823) first determined the composition of 
the hydrates of chlorine from his experimental work by liquefying chlorine and heating it under pressure. 
He then developed the chemical formula by ratio of water to hydrate (Cl.10H20). This chemical formula 
was confirmed by (Roozeboom H. W. B, 1884) who studied the hydrates of chlorine, bromine, 
sulphurous acid and hydrochloric acid to analyse the dissociation of their hydrates. He also generate 
pressure-temperature plot for hydrates of SO2).  
Hammerschmidt E. G., (1934) as earlier noted was the first to discover that natural gas hydrates (not ice) 
formed and blocked gas transmission lines even above ice point. He carried out experiments by 
compressing different components of natural gas in a copper tubing to identify the primary and secondary 
factors that affect the formation of hydrates including pressure, temperature, gas composition, and gas 
velocity. He then developed a conceptual model to estimate hydrate formation temperature.  
The works of Hinze J. (1934) is currently been applied to determine the surface area of gas-liquid 
interface from which the rate of hydrate growth is estimated. Hinze developed this model by performing a 
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detailed study on the breakup of droplets in different flow regimes and developed the formula to estimate 
the maximum droplet size.  
Natural gas hydrates have been discovered since the 1960’s and Makogon Y. T. (1966) developed a 
methodology to estimate the reserves of natural gas in these deposits enclosing the gas hydrates. He 
recommended the principles of developing the natural gas hydrate deposits from studying hydrate 
dissociation in porous rock and also placed emphasis on the kinetics of hydrate formation both in bulk 
and porous environments.  
Sloan E. D. (1991) highlighted of major challenges in of natural gas hydrate formation in the oil industry 
and his textbook on Clathrate Hydrates (Sloan E.D. and Koh C. A, 2007) is a useful guide for research.  
Other scientists are also noted for their work. The works of (Powell H., 1948) on clathrate chemistry and 
his discoveries applied to structural chemistry made him to be referred to as the father of clathrate 
chemistry. Claussen W., 1951 is also notable for modeling hydrate structures into two cubic Structures sI 
and sII. 
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